The histologic features of retinal dysplasia were studied in 26 English springer spaniel dogs of one day to four years of age. Dysplastic lesions in neonatal pups occurred predominantly in the peripapillary tapetal area of sensory retina. They consisted of complex linear folds and rosettes which were composed of hyperplastic neuroblasts. Dysplasia usually was not associated with incomplete differentiation of the outer neuroblastic layer. The outer limiting membrane was absent locally and numerous patent subretinal capillaries existed in the region of folds. The dysplastic features ma:y be related to aberrant development of Muller cells and of retinal capillaries.
Retinal dysplasia has been defined as anomalous differentiation of the retina [43] . It may occur either with [34] or with'out [22] other intraocular and extraocular developmental defects. It is characterized by the presence of neuroepithelial folds and rosettes in sensory retina [12, 431. Dysplasia of the retina may be the final outcome of diverse pathogenetic mechanisms [50] .
In dogs, heritable forms of the disease exist in several breeds: Sealyham terrier [4], Bedlington terrier [39, 401 , Yorkshire terrier [53] , Labrador retriever [6] , English springer spaniel [28] , and American cocker spaniel [30] . A nonheritable form of retinal dysplasia affects the beagle [21, 561. Chorioretinal dysplasia is a component of the collie eye anomaly [7, [36] [37] [38] . A similar syndrome of multiple intraocular anomalies, including chorioretinal dysplasia, occurs in the Australian shepherd [ 17, 18, 521 . The morphology of canine retinal clysplasia has been studied in the Labrador retriever [24] and in the beagle [56] .
A clinical description of retinal dysplasia in the English springer spaniel breed included the histologic-features of one dog [28] . This report presents morphologic features of the dysplastic retina in English springer spaniels at various postnatal ages.
Materials and Methods
Over four years, eyes of 26 affected purebred dogs were collected (table I) . Many dogs were donated to the study following ophthalmoscopic diagnosis of the condition, and others were from a colony of affected dogs. Dogs older than two months were classified as affected according to certain clinical criteria [28, 411, and dogs younger than two months were the offspring of clinically affected parents. While seven dogs were studied as individuals, 19 were derived from five litters. In three litters, littermates were killed and examined at the same age, whereas in two litters they were killed sequentially.
With the exception of one animal (dog lo), all dogs were given a lethal intravenous dose of pentobarbital sodium. Both globes were removed immediately, trimmed of extraocular tissue and immersed in one of several futative solutions. Dog 10 was found dead. The postmortem interval was approximately 10 hours.
After fixation in Zenker's acetic acid solution or 10% neutral buffered formalin, globes were cut in a sagittal plane and processed for paraffin embedding. Sections were cut on a rotary microtome at 5 pm and stained with hematoxylin-phloxine-safran. Additional stains used were hematoxylin and eosin, periodic acid-Schiff, Holzer's, Holme's silver, and Masson's trichrome.
Seventeen selected eyes were processed for epon embedding following fmation in one of several glutaraldehyde solutions. Sections for light microscopy were cut at 1 pm and stained with toluidine blue or with a modified Mallory's Azure 11-methylene blue stain.
Results
The major intraocular pathologic changes are summarized (table I) . Gross features of retinal dysplasia were similar in character and distribution in all dogs, but in neonatal dogs dysplastic foci were more prominent and covered a larger proportion of the retinal surface than at later ages. Folds and rosettes were identified as opaque white linear ridges located predominantly in the tapetal peripapillary zone. They tended to radiate from the optic papilla, and some forked in their peripheral course. One to ten folds were present in each globe. In some older dogs, focal depressed areas with irregular margins were in the peripapillary retina. In globes with complete retinal detachment, no folds could be identified. All globes were within normal size limits. Histologic changes are described separately in dogs aged one day to six months and in dogs older than six months.
Immature dogs (one day to six months of age; dogs 1-16):
Lesions were present in all eyes examined at one day of age (dogs 1-7). The principal change consisted of simple or hghly complex infoldings of sensory retina, predominantly in peripapillary tapetal areas ( fig. 1 ). Where large complex clusters of interconnected folds and rosettes were present, the sensory retina was thickened focally and convex on its vitreal face. The retinal pigment epithelium beneath dysplastic foci usually was unremarkable. However, in a few focal areas in which there was appreciable separation of sensory retina from the retinal pigment epithelium by folding, the latter was hypertrophied and sometimes hyperplastic ( fig. 2) . Neuroblasts which surrounded the lumens of rosettes and folds were packed more densely and less uniformly aligned than were neuroblasts in nondysplastic areas. Pyknosis of putative photoreceptor nuclei was common in dysplastic areas and involved small groups of cells. A discrete outer limiting membrane was usually but not invariably yrs. A common change in one-day-old dogs which was seen only occasionally in dogs older than eight days, was the presence of vessels in the lumens of rosettes and folds (figs. 3, 4). Such vessels occasionally were ensheathed by a column of neuroblasts ( fig. 3 ). Some vessels were blood-filled, but their continuity with choroidal or retinal vessels was not determined. A rare finding, seen in only one dog, was the association of a hyaloid vessel with the crest of a fold.
In dogs older than eight days, folds and rosettes were well-defined, of less complex character, and had minimal degenerative changes of photoreceptor cells. The principal alteration in the eyes of these slightly older dogs was retinal detachment (dogs 11, 13-15). In dog 11, detachment existed in only one eye, but in dogs 13, 14, and 15 it occurred in both eyes and was extensive, with attachment persisting only at the ora ciliaris retinae and optic papilla. The separated sensory retina was extensively puckered, and a sheath composed of glial or retinal pigment epithelium cells inconstantly formed a post-retinal membrane at the apical face. Pre-retinal membranes were absent. Hyaloid remnants were observed rarely and there was no neovascularization of the vitreous. The retinal pigment epithelium cells subjacent to the detached retina were elongated axially, and in occasional focal areas they were hyperplastic ( fig. 5 ). Dog 12, in which there was no clinical or gross evidence of retinal detachment, had multiple foci of retinal pigment epithelium hyperplasia which were associated with folds and rosettes and indented a disorganized layer of photoreceptor outer segments in both eyes. These areas suggested flat retinal separation ( fig. 6 ). In dog 16, a solitary capillary apparently extended from the choriocapillaris through Bruch's membrane and into sensory retina at the base of a dysplastic fold ( fig. 7) .
The other major change in this group was the formation of small cataracts which were restricted to the posterior "Y" suture and had no lenticular epithelial changes. No significant extraocular lesions were present. Adolescent and mature dogs (six months to four years of age; dogs 17-26):
With the exception of focal retinal atrophy, which was more common in the older dogs of this group, retinal changes were similar, irrespective of the dog's age. One to several folds or rosettes were represented in mid-sagittal sections of each globe. As in the younger dogs, the lesions were predominantly peripapillary in location. The complex clusters of neuroepithelial invaginations, which commonly were associated with intraventricular vessels in neonatal dogs, were not evident in this age group.
Retinal folds consisted of tent-like areas in which sensory retina was separated from the hypertrophic or hyperplastic retinal pigment epithelium. Amorphous, acellular material was present in the area of Bruch's membrane ( fig. 8 ). At the apex of many folds there was a reduction in the number of photoreceptor cell nuclei. Degenerative changes of the outer segments and, to a lesser extent, of the inner segments of these folds were common. Phagocytic cells, extruded photoreceptor nuclei and coarse fibrillar material were suspended in the ventricular spaces of some folds.
Rosettes usually were composed of a central ventricular space lined internally by photoreceptor cells and a well-defined outer limiting membrane. Outer and inner segments were thin and short. In some sections, a finely granular, acellular material was in rosette ventricles. Rosette photoreceptor cell nuclei were preserved variably, but they generally were reduced to four or five in number. Cone nuclei, identified by their sparse, scattered heterochromatin and more cylindrical appearance, were preferentially preserved in some rosettes. Rarely, rosettes lacked photoreceptors, and second order neurons of the inner nuclear layer directly abutted upon the ventricular space ( fig. 9 ).
Focal retinal atrophy of variable severity was seen in five dogs of this group (dogs, 17, 23-26) (figs. 10, 11). Tapetal peripapillary and intermediate areas of the retina were involved primarily. In some affected regions, an association of atrophic changes with a dysplastic rosette was evident ( fig. lo) , and in others the adjacent retinal pigment epithelium was absent ( fig. 11) . A sheath of tissue, probably of glial origin, occasionally was interposed between the thinned sensory retina and the retinal pigment epithelium or choroid coat. Most of these areas, which topographically corresponded to the depressed foci observed grossly, had one or more rosettes within them. In several instances, hoyever, serial sections failed to reveal any fold or rosette in such areas. The tapetum adjacent to some focal areas of severe retinal atrophy was reduced greatly in thickness or was absent. In the right eye of dog 24, retinal vessels penetrated deeply into the sensory retina and, in some sections, lay within the interphotoreceptor space. In a single focus of the tapetal region of the left eye of dog 25, sensory retinal tissue was absent and retinal pigment epithelium directly confronted the vitreous. A zone of uplifted atrophic sensory retina formed the margin of this focus.
Other changes seen in this age group included a small eccentric peripapillary coloboma (dog 17), cataracts (dogs 17, 24), persistent hyaloid vessel remnants (dog 24), and hyperplasia of the supporting glial meniscus of the optic papilla. Several dogs had ovoid homogeneous eosinophilic bodies in the optic nerve fiber layer, particularly in the peripapillary region [5] . In some dogs the retinal pigment epithelium of the non-tapetal retina was hypopigmented. No significant extraocular lesions were seen.
Discussion
Retinal dysplasia is characterized ophthalmoscopically by branching or nonbranching fundic striae, and histologically by folds and rosettes in the sensory retina. The condition in dogs is of clinical importance because of its association with retinal detachment, focal retinal atrophy, cataract and persistence of hyaloid vessels.
In this study, the dysplastic lesion has been shown to be present at birth, predominantly in the peripapillary tapetal retina in the form of rosette-fold complexes. The latter were associated with capillaries which, in view of their deep location, probably were aberrant in their course [2, 13, 321. Between the rosette-fold complexes, retinal development was within normal limits relative to the age of the dog and zone of the retina [2, 20, 26, 33, 471 . The dysplastic lesions in the retina were not progressive in that they did not extend to more peripheral retinal regions after the first day of life. In some dogs, folds became less prominent ophthalmoscopically with increasing age (Severin, G.A. and Neumann, S., unpublished observations).
When retinal detachment occurred, it took place within the first six months of life. Complete detachments were over-represented in this study because such dogs were more readily available for study. Focal bullous retinal detachments also occurred [28] . The time of onset of detachment in two dogs older than six months in this study was unknown (dogs 17, 25), and in dog 25 the lesion may have represented the end stage of retinal atrophy.
It has not been possible to reconstruct the events which promoted detachment in these dogs. It is possible that the heterotopic vessels in dysplastic areas (figs. 3-5) resulted in a compromised inner blood-retinal barrier [l 1, 461. Depending upon the leakage from these vessels, either focal or complete retinal detachments may have resulted. A contribution by the liquifaction of vitreous, which has been reported in Labrador retrievers with vitreoretinal degeneration and retinal detachment [9] , was not seen in any dog of this study.
Remodeling of dysplastic folds and rosettes apparently occurred with time. In the neonatal retina, dysplastic areas had a complex, crowded character with focal loss of the outer limiting membrane, necrosis of neuroblasts, and ingrowth of ectopic capillaries. In the mature retina, rosettes and folds had a uniform character. They usually were devoid of capillary structures. The lining of dysplastic areas mimicked the organization of the normal photoreceptor cell layer. In some rosettes, however, the lining photoreceptor cell layer was thinned and inner and outer segments were degenerate. In older dogs, an increased proportion of rosettes were lined only by a monolayer of photoreceptor cells. Although mild vascular changes were seen in one mature dog, these may have represented an unusual complication of retinal dysplasia.
In situ alteration of both retinal and choroidal vessels has been reported as a sequel to a variety of retinal diseases [8, 14, 421 . Clinical studies of mature affected dogs, using intravenous fluorescein, have failed to reveal evidence of abnormal retinal vascular patterns or permeability (S. Neumann, unpublished observations).
Retinal atrophy was rare in young dogs with retinal dysplasia, but was relatively common in dogs older than two years. Atrophic areas commonly contained one or several rosette structures. This association, and the preferential location of the lesion in the tapetal peripapillary area, suggested that the occurrence of atrophy was related to antecedent dysplasia. In mildly atrophic areas the associated retinal pigment epithelium usually was unremarkable, but in severely atrophic areas the retinal pigment epithelium and occasionally the tapetum cellulosum were absent.
Four mechanisms have been proposed to explain congenital retinal dysplasia [50] . [49] and are thought to occur in the retina [35] . Studies of the antenatal stages of the disease currently are underway to investigate the possible relationship of retinal dysplasia to Muller cell and retinal vascular development.
Retinal dysplasia has been identified in several other canine breeds [4, 6, 7, 9, 10, 15, 17, 18, 21, 24, 26, 27, 30, 36-41, 43, 44, 52-56] (table 11) . The condition in the English springer spaniel breed shares many features in common with that of American cocker spaniels [30] . It differs from that in Labrador retrievers in which no changes are present microscopically or ultrastructurally until the tenth day of [39] , in that detachment is a relatively rare event in the breed, whereas it occurs constantly in these other breeds and commonly is associated with microphthalmia. It is stated that in Labrador retrievers, Sealyham terriers, and Bedlington terriers, lack of formation of the vitreal gel occurs in the dysplastic eye-a change not seen in English springer spaniel eyes [43] . Dysplasia in the beagle [21, 44, 561 does not appear to be a heritable condition, whereas dysplasia of English springer spaniels is considered to be a simple homozygous recessive trait [45] . Although retinal dysplasia occurs as one facet of multiple intraocular disease in collies and Australian shepherds, in both of these breeds it is associated with choroidal disease. Chorioretinal dysplastic foci have not been seen in any of the dogs examined in this study. Transient retinal creases have been reported in the normal developing retina in man [3 11 and rats [ 191. Brief references in the literature of canine ophthalmology note the presence of vermiform streaks in the retinas of young dogs. These streaks are said to resolve with time, particularly in collies, in which they are not considered to be a part of collie eye anomaly [21] . No description of the histologic character of such folds is included in accounts of normal retinal development in the dog. The relationship of these retinal creases to retinal dysplasia is unclear.
No consistent extraocular findings were present in any of the twelve dogs subjected to a complete necropsy procedure and extensive histologic appraisal. Although we have had some difficulty in successfully breeding colony dogs, gonadal lesions were absent. Myasthenia gravis which has been seen in English springer spaniel littermates [23] was not seen clinically in affected animals. 
